Titanium (Ti) and its alloys have been extensively applied in various fields of chemical industry, marine, aerospace and biomedical devices because of a specific combination of properties such as high strength to weight ratio, exceptional corrosion resistance and excellent biocompatibility. However, friction and wear, corrosion which usually occur on the surfaces of Ti-base components can lead to degradation in both properties and performance. Thermal oxidation (TO) of titanium and its alloys under certain conditions can accomplish significant improvements both in wear resistance and corrosion resistance, without special requirements for substrate geometries. In this review, the studies and applications of TO process in surface damage mitigation titanium and its alloys were reviewed and summarized.
Introduction
Titanium (Ti) used to be considered a rare metal in 1800s [1] . According to statistics Ti had been turned out to be the ninth most abundant element on earth and the fourth most abundant metal in the following century [2, 3] . Ti and its alloys obtained considerable development since the pure metal (Ti sponge) firstly became commercially available by Kroll process in the middle of 20th century [4] . Ti and its alloys initially made their names in aerospace and chemical industries due to their promising strengthto-weight ratios, high tensile strength and excellent corrosion resistance [4] . While widespread use of Ti-base metals were limited somewhat by cost at that time [2, 3] . In nowadays, Ti and its alloys are one kind of the most important structural metallic materials in in various industrial fields. Due to their relatively low modulus, good fatigue strength, promising formability/machinability, anticorrosion property and exceptional biocompatibility, increasing usage has been found in automotive applications, chemical processing equipment, pulp and paper industry, marine vehicles, biomedical devices and sporting goods after wide technical investigations and estimations [5, 6] .
Nevertheless, Ti and its alloys cannot meet all of the requirements during engineering service. The drawbacks of low surface hardness, high/unstable friction coefficient in sliding contacts against common bearing materials, severe adhesive wear and susceptibility to galling are harmful for the direct application of Ti-base materials. Insufficient wear resistance is a major technological problem threatening to limit the extensively application of Ti and its alloys as they are subjected to aggressive and harsh working conditions during operation [7] [8] [9] . Because of removing or minimizing materials degradation/failure is nowadays necessary by existing raw materials and energy shortage, material scientists and engineers have long devoted themselves to design and produce new materials which are simultaneous with promising wear and corrosion resistance that can meet the increasing challenges and demands over wide range of modern industrial applications [10] . Another way of achieving this is utilizing appropriate surface treatment techniques, e.g. surface strengthening (deformation/phase transformation treatment), surface covering (coating/layer/film) and surface diffusion (thermochemical treatment or laser/plasma/electron beam alloying) on the surfaces of existing materials [1] . Surface treatments are able to realize a favorable compromise between the cost and the performance by endowing the material surfaces with high hardness value, effective frictionreduction, excellent corrosion resistance and promising mechanical performance, meanwhile the desirable bulk attributes of the materials are maintained [11] .
A variety of surface treatment technologies, such as thermochemical surface treatment (nitriding, carburizing, surface alloying), micro arc oxidation (MAO)/plasma electrolytic oxidation (PEO), physical vapor deposition (PVD), chemical vapor deposition (CVD), ion implantation, thermal spraying, thermal oxidation (TO), laser surface treatment and electro-spark deposition (ESD), also several duplex treatments have been conducted to improve the surface performance of titanium and its alloys [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Among the existed surface treatment technologies, thermal oxidation (TO) which taking the advantage of high chemical affinity between Ti and oxygen (O), is an ideal surface technique that has been industrially used to strengthen the Ti and its alloys [26] . Its popularity is mainly assign to its cost effectiveness, simplicity and rapidity. Furthermore, the TO treatment has no special requirements for geometrical shapes of components [27] . TO process has been confirmed that it can afford combined improvements in wear resistance and corrosion resistance [28, 29] . The benefits conferred by the TO process are attributed to both the formation of an external rutile oxide ceramic layer (inert/passivation capability) and an internal oxygen diffusion (solid solution strengthening) zone [30] . In this review, the technological principle was briefly introduced, surface damage mitigation of titanium and its alloys via TO treatment was presented and summarized. This work is expected to create database and provide reference information, thereby furtherly broaden the practical applications of TO treatment on titanium and its alloys.
Thermal oxidation of titanium and its alloys
A number of studies reported that a complete TO process of metals generally contains five steps ( Figure 1 ) [2] : 1 absorption of oxygen, 2 dissolution of oxygen, 3 formation of thin oxide film, 4 growth of oxide layer, 5 formation of thick oxide layer. The oxidation reaction of Ti with oxygen is shown in Eq. (1):
Ti + O 2 = TiO 2 (1) With respect of Ti alloys, taking Ti6Al4V as an example, other alloying elements will also react with oxygen as shown in the following Eqs. of (2) and (3):
Under permanent temperature and pressure conditions, the standard Gibbs energy change (∆G 0 T ) can be obtained from the following equation [31] : (4) where ∆H 0 298 is the standard free energy of formation at 298 K (kJ/mol), T the is temperature in Kelvin, ∆S 0 298 is the standard absolute entropy at 298 K, ∆Cp is the heat capacity. Eq. (4) can be furtherly simplified as follows:
For all of the reactions, the values of ∆G 0 T belonging to TiO 2 , Al 2 O 3 and V 2 O 3 can be calculated according to Eq. (5) . The values of ∆G 0 T can be applied to determine the feasibility of oxidation reactions and relative stability of oxides [31] .
Thermal oxidation of pure titanium
Yan et al. [32] obtained a series of oxygen diffusion layers on commercially pure titanium by thermal oxidation. The TO procedures were conducted at 700 ∘ C for 1, 2 and 4 h, at 800 ∘ C and 900 ∘ C for 1 h, respectively. The results showed that all the received TO layers consisted of a titanium oxide layer and an oxygen diffusion layer (containing an outer and an inner diffusion zone). It was seen that the higher the treatment temperature and the longer the holding time, the higher the oxygen concentration. XRD analysis revealed that with increasing TO temperature or soaking time, all the diffraction peaks corresponding to α-Ti shifted to lower angles, indicating increased lattice parameters. The dissolved oxygen which induced the lattice distortion of α-Ti had increased the c/a ratio in the lattice, and consequently resulted in the improvement in hardness. Surface hardening effect of TO treatment on titanium was also able to enhance its wear resistance as expected.
Ye et al. [33] firstly processed the thermal oxidation treatment on commercially pure titanium (CP-Ti, TA2) at 500 ∘ C, 600 ∘ C, 650 ∘ C, 700 ∘ C, 750 ∘ C and 850 ∘ C for 210 min. It was seen that the thermally oxidized samples revealed thicker TiO 2 layers than the authigenic TiO 2 layer on pure titanium, only as the TO temperature was above 600 ∘ C. Meanwhile it was found that higher temperature benefited the thickening of TiO 2 layer. All of the TO treated pure titanium presented improved corrosion resistance in 36%-38% HCl at room temperature and in 30% H 2 O 2 at 36.5 ∘ C. The most promising corrosion resistance was received when the TO treatment was conducted under 700 ∘ C for about 330-500 min.
Yan et al. [34] found that an oxide film composed of rutile TiO 2 was formed on the surface of pure titanium after atmospheric thermal oxidation treatment (600-900 ∘ C/0.5-24 h). When the oxidation temperature is low and the time is short, the oxide film is well bonded to the substrate. With the increase of oxidation temperature and time, the binding force decreases. Between the oxide film and pure titanium is a layer of oxygen-permeating layer composed of an α-phase Ti-O solid solution. With the increase of oxidation temperature and the prolongation of time, the oxygen content in the oxygen-permeating layer increases, and the thickness of the oxygen-permeable layer both inside and outside increases. The thickness of the oxygen-permeable layer is always slightly larger than that of the oxygenexpelling layer. In the early stage of oxidation, the growth of the oxygen-permeating layer and the oxide film follows the parabolic law. With the extension of the oxidation time, the growth of the oxide film was transformed into a straight line, and the change for growth of the oxygenpermeating layer is not obvious. When the oxidation time is short, the growth rate of the oxygen-permeable layer is greater than the growth rate of the oxide film. With the extension of the oxidation time, the growth rate of the oxide film exceeds the growth rate of the oxygen-permeable layer. The effect of temperature on the thickness of the oxygen barrier layer is greater than the effect of time.
In Aniołek et al's work [35, 36] , the TO treatments were carried out under 500, 600, 700 and 800 ∘ C for 20 and 40 min, as well as 1, 2, 6, 24, 48 and 72 h on Grade 2 titanium. It was shown that temperature was the most important factor influencing the process of the formation of a TO layer on titanium, the oxidation kinetics of the tested materials at temperatures of 600, 700 and 800 ∘ C followed the parabolic law. The results manifested that noticeably larger oxide particles were formed after oxidation at 600 ∘ C, and raising temperature had resulted in the formation of finer and more agglomerated oxide particles, as received under 700 ∘ C. Both of the TO layers obtained at a temperature of 600 and 700 ∘ C were composed of rutile TiO 2 and Ti 3 O. The formation of TO layer on titanium had enhanced its surface hardness, and also significantly improved the abrasive wear resistance. It was found that the TO process enabled the obtaining of TO layers featuring a 5times higher hardness as compared with raw titanium. As the friction tests were performed against Al 2 O 3 balls, the TO layers revealed no obvious friction-reduction effect on titanium, even an increase in their values were observed in the initial stage of friction tests. However, the wear volume values were decreased by 48% and 61% for titanium specimens subjected to TO treatment at 600 and 700 ∘ C, respectively. The presence of a TO layer on the surface of titanium had significantly improved its resistance to abrasive wear.
Arslan et al. [37] investigated influence of surface roughness (Ra) on corrosion and tribological behavior of CP-Ti after TO treatment. Firstly, CP-Ti specimens were polished with SiC abrasive papers to surface roughness values of 0.1, 0.3, and 0.6 µm. As the TO processes were conducted at 850 ∘ C for 8 h in an O 2 atmosphere, the related TO treated specimens indicated increased surface roughness values of Ra = 0.54, 0.64, and 0.7 µm. Single rutile TiO 2 phase was formed on the CP-Ti surface after TO treatment. Furthermore it was seen that the surface roughness had no effect on the preferred growth orientation of the rutile phase. There was a diffusion zone formed by oxygen diffused beneath the oxide layer could be observed from a cross-sectional view. The TO layer indicated a surface hardness of 1097 HV, which was much higher than that of CP-Ti. As countered with WC-6%Co balls, the CP-Ti specimens with surface roughness values of Ra = 0.1, 0.3, and 0.6, friction coefficients of 0.63, 0.68, and 0.74 were received, the TO treated specimens with surface roughness values of Ra = 0.54, 0.64, and 0.7 had revealed friction coefficients of 0.48, 0.53, and 0.58, respectively. Additionally, the wear morphologies of TO layers were smoother and displayed much less fluctuation as compared with that of the untreated CP-Ti. Macrorough surfaces usually have a relatively higher ion release rate and lower corrosion resistance than microrough surfaces, therefore the increase in the numbers of stable pits with increased surface roughness on the surface had resulted in negative corrosion potential and high corrosion current values for all samples. Generally the tribological and corrosion behavior of CP-Ti was improved by the TO layer formed by thermal oxidation. The decreased roughness showed promisingly improved the tribological and corrosion properties.
Bailey et al. [38, 39] conducted TO processes on CP-Ti at 625 ∘ C for 5, 20 and 72 h and was with furnace cooling, respectively. By employ of glow discharge spectrom-etry (GDS) composition profile measurements and X-ray diffraction analysis, it was confirmed that the obtained TO layer showed a multi-layered structure on the CP-Ti: a titanium dioxide zone (rutile TiO 2 ) + an α-titanium oxygen diffusion zone (ODZ, α-Ti(O)). A extended treating time was able to bring out a thicker ODZ and made the α-Ti(O) peaks more predominant in the entire TO layer. It was found that both the rutile TiO 2 zone and ODZ had enhanced the anticorrosion property of CP-Ti indicating by decreased anodic currents and increased corrosion potential in 0.9% NaCl solution (pH≈7). Meanwhile the relatively high oxygen content in titanium lattice in the upper part of the ODZ could play a positive role in accelerating the formation of passive film on the surface and thus to mitigate corrosion damage of CP-Ti. In the dry sliding friction and tribocorrosion (0.9% NaCl solution) tests against alumina (Al 2 O 3 , Grade25) balls, the TO layers with higher surface hardness than that of CP-Ti were also exhibited much better resistance to material removal under different friction conditions than that of CP-Ti. In addition, obviously positive effect on the tribological performance of the TO layer through using a prior surface mechanical attrition treatment (SMAT) or controlled slow cooling after TO was verified, respectively.
Çomaklı et al. [40] firstly prepared TiO 2 films on CP-Ti via sol-gel process, dip coating technique, then the deposited TiO 2 films were subject to calcination in the temperature range of 500-900 ∘ C with increment steps of 5 ∘ /min for 2 h in furnace. The thickness of the TiO 2 films increased with the rising of calcination temperature. The phase identification results showed that the anatase peaks were obtained from the films when the samples were calcinated at 500 ∘ C. The intensities of the anatase peaks were increased as the calcination temperature was elevated to 700 ∘ C. After calcinating at 900 ∘ C, nearly all the anatase phase had transformed to the rutile phase. Polarization and electrochemical impedance spectroscopy measurements indicated better corrosion resistance of TiO 2 films than that of raw CP-Ti in simulated body fluid solution. Corrosion resistance of coated samples also improved with increasing of calcination temperature, and the corrosion resistance of the calcinated samples were ranked as the following sequence: TiO 2 film-500 ∘ C < TiO 2 film-700 ∘ C < TiO 2 film-900 ∘ C.
Dearnley et al. [41] found that when the CP-Ti was modified by TO at 625 ∘ C for 36 h, an exterior layer of TiO 2 (rutile) with a thickness of 0.8 µm was formed on the surface. There was a hardened oxygen diffusion zone (ODZ) with a thickness of about 10 µm beneath the TiO 2 layer. The exterior TiO 2 layer revealed much higher hardness of~800 HV 0.005 than those of the ODZ ranging from~200 to 800 HV 0.005 , and the highest hardness of the ODZ was close to the exterior TiO 2 layer. The TO treatment retarded the corrosion-wear of CP-Ti in physiological saline under reciprocation sliding contact against α-Al 2 O 3 ball. The protective effect which was realized by solid solution hardening (wear resistance) and accelerating forming of passive film (corrosion resistance), was attributed to high oxygen content in the ODZ.
Güçlü et al. [42] studied the effect of cold working on the TO behaviors of Grade 2 CP-Ti. The TO treatments of the 23%, 35% and 50% cold worked samples were conducted at 600 and 650 ∘ C for 60 and 72 h, respectively. The recrystallization activation energy of each cold worked CP-Ti was calculated as 64-88 kJ/mol. Meanwhile the formation activation energies of oxygen diffusion zones were calculated as 149-170 kJ/mol for the examined cold work ratios. These results revealed that as a cold worked CP-Ti was subjected to TO treatment, improved hardness and wear resistance were achieved on its surface.
Jamesh et al. [43] found that by conducting TO on CP-Ti in air at 650 ∘ C for 48 h had led to the formation of an oxide layer with a thickness of about 20 µm throughout the surface without any spallation or flaking. The predominant phases in the oxide layer were rutile-TiO 2 and oxygendiffused Ti, which meant the TO layer was also composed of an external oxide zone and an internal oxygen diffusion zone. Electrochemical tests showed that thermally oxidized CP-Ti revealed better corrosion resistance than that of the raw CP-Ti in both 0.1 and 4 M HCl and HNO 3 solution. The improvement in corrosion resistance of CP-Ti lied in the excellent chemical stability and mechanical isolation action of the TO layer on its surface.
Jamesh et al. [44] also investigated effect of cooling conditions (furnace, air and water cooling) on the corrosion resistance of TO treated CP-Ti alloys that obtained at 650 ∘ C for 14 h and 850 ∘ C for 6 h. XRD analysis revealed that the phases in the TO layers were consistent with other published work [36, 41] . It was obvious that cooling conditions had negligible effect on the phase constitution of the resultant TO layers. In respect of the TO treated samples at 650 ∘ C, faster cooling did not induce spallation or flaking on the surface of TO layers, and then there was no deleterious effect on the corrosion resistance of TO CP-Ti at 650 ∘ C in the 0.9% NaCl solution. However, surface integrity of the TO treated samples at 850 ∘ C was damaged by both the air and water cooling, spallation and flaking were evident on the surfaces of the related TO treated samples at 850 ∘ C. Additionally, cracking and spallation were more severe on the water cooled samples than the air cooled samples. Defects of spallation and flaking were not observed on the surfaces of the furnace cooled TO treated samples at 850 ∘ C.
Electrochemical tests showed that the faster cooling rate had no deleterious effect on the corrosion resistance of TO treated samples at 650 ∘ C for 14 h whereas the faster cooling rate has deleterious effect on the corrosion resistance of TO treated samples at 850 ∘ C for 6 h in the 0.9% NaCl solution. A conclusion could be drawn that furnace cooling or even slower cooling should be adopted after TO treatment under applicable conditions.
Kumar et al. [45] used to compare the frettingcorrosion behaviors of CP-Ti, anodized (using an electrolyte solution of 1M H 3 PO 4 containing 0.3 wt.% HF at 20 V for 60 min) and TO treated CP-Ti (prepared at 650 ∘ C for 48 h in air atmosphere) in Ringer's solution based on the change in free corrosion potential (FCP) measured as a function of time. It was seen that both anodizing and TO treatments had improved the fretting-corrosion resistance of CP-Ti. TO treated CP-Ti with far higher thickness indicated superior surface performance to that of the anodized one.
TO temperature and soaking time are the two main factors that can influence the TO behavior of titanium. Kumar et al. [46] [47] [48] systematically studied the effects of TO temperature and soaking time on structures and performance of TO layers. 500, 650 and 800 ∘ C for 24 h, as well as 8, 16, 24 and 48 h were selected as the related TO parameters. Based on the corrosion protective ability, the untreated and TO treated samples for 24 h can be ranked as follows: CP Ti (800 ∘ C) > CP Ti (650 ∘ C) > CP Ti (500 ∘ C) > untreated CP Ti. From point of view of the corrosion protection, the untreated and TO treated samples at can be ranked as follows: (TO 48 h) > (TO 16 h) > (TO 8 h) ≈ (TO 24 h) > untreated CP Ti. Finally, an optimal parameter of TO at 650 ∘ C for 48 h was obtained.
Lubas et al. [49] obtained the oxygen-diffused grade 2 titanium samples by TO treatment in fluidized bed at 610 ∘ C and 640 ∘ C for 6, 8, and 12 h. A TiO 2 rutile film on the surface and a concentration gradient oxygen-diffusion zone in the subsurface of each titanium sample were formed by the TO treatment under different temperatures and various times. The Raman spectroscopy results showed that the TiO 2 films consisted of anatase and tutile, for the analyzed variants of heat treatment. Thermal treatment in a fluidized bed was favorable for preparing uniform oxide layers on the surfaces with good adhesion to titanium substrates, as well as improving the surface properties of titanium to meet the demands for biomedical applications.
Shankar [50] carried out thermal oxidation on CP-Ti at 650 ∘ C for 96 h, and a protective thick rutile TiO 2 oxide layer with nano-rod structure was fabricated on its surface. Compared to original CP-Ti, the TO treated CP-Ti exhibited better corrosion resistance in boiling nitric acid indicating by much lower corrosion rate. The improvement in corrosion resistance of CP-Ti after TO treatment was attributed to the excellent chemical stability and mechanical isolation effect of the TO layer. It was viable that using the TO treated titanium components as they were exposed to nitric acid medium in aqueous reprocessing plants.
Krishna et al. [51] carried out comparative studies on the effect of cooling condition on surface performance of TO treated Grade 2 CP-Ti. The TO processes were conducted at various temperatures of 600, 650,700, 750, 800 and 850 ∘ C for 5 h. After the TO treatment, the TO-samples were allowed to cool either in the furnace itself (cooling rate 2-3 ∘ /min) or outside the furnace in ambient air (cooling rate 20-30 ∘ /min), respectively. Taking TO layers obtained at 850 ∘ C for 5 h by both air cooling and furnace cooling as examples, poor adhesion of the TO layer with substrate for the air cooling samples was seen from the cross-sectional observation. Fast cooling resulted in a large thermal stress arising from the high ratio of the coefficient of thermal expansion Ti and rutile. The furnace cooled sample showed promising adhesion between the TO layer and the substrate. Relatively low cooling rate obviously reduced the thermal stress induced during the cooling process and this was helpful to maintain the integrity of the thick layer with the substrate, which was the key factor in the production of a thick and adherent rutile layer. Meanwhile, the TO layer obtained at 850 ∘ C for 5 h by furnace cooling also revealed superior tribological properties in terms of the low wear rate and the mild wear mode involved during the sliding process, as compared with raw titanium.
Wang et al. [52] studied the acid-etched CP-Ti subjected to thermal oxidation at 450 ∘ C in an air ambient atmosphere for 2, 4 and 6 h. The results showed that TO treatment slightly changed the nanoscale structure of titanium and improved the crystallinity of the titanium surface layer. Cells cultured on the three TO treated titanium surfaces grew well and presented better osteogenic activity than the original samples. The in vivo bone-implant contact also demonstrated improved osseointegration after several hours of TO. This TO treated titanium samples enhanced the osteogenic differentiation activity of rat bone marrow mesenchymal stem cells (rBMMSCs) and improved osseointegration in vivo, indicating that TO treatment could potentially be applied in clinical operations to enhance bone-implant integration.
In order to enhance the implant-bone interfacial bonding strength, Yamamoto et al. [53] firstly prepared poly(vinyl alcohol) (PVA) film on CP-Ti and then conducted TO treatment on the PVA coated CP-Ti at 700 ∘ C for 1 h in an ultra-pure argon atmosphere. It was showed that TO in a pure argon atmosphere of PVA coated titanium has been proved to be an effect process to induce the formation of an anatase TiO 2 surface layer and an underlying oxygen diffusion zone (ODZ). It was proposed that the amorphous carbon layer evolved from PVA film which acted as an effective solid-state diffusion barrier, could retard oxygen diffusion through the inner anatase TiO 2 layer and impede fast consolidation of the oxide layer. The TO treated titanium possessed a surface with good bioactivity, as demonstrated by the apatite precipitates formed after immersed in simulated body fluid (SBF) solution. The bioactivity or apatite formation ability was considered lied in the presence of the anatase TiO 2 outermost surface layer and in abundant hydroxyl groups (-OH) formed on the ODTi surface during immersion in SBF.
Thermal oxidation of Ti6Al4V titanium alloys
Up to now, Ti6Al4V is still the most frequently and successfully applied titanium alloy which occupies about one half of the total world production of titanium alloys [1] . Great success has been achieved on Ti6Al4V after TO treatment with various parameters. The mechanism of improvements in surface hardness, tribological performance and corrosion resistance are similar to TO treated titanium. In Biswas et al's [26] work, a series of TO layers were produced on Ti6Al4V at 400, 500 and 600 ∘ C for 25, 36 and 60 h. It was evident that oxide peak intensities were very weak and comprised mainly anatase, a few rutile and Ti 2 O 3 peaks, as the TO treatments were conducted at temperatures of 400 and 500 ∘ C, regardless of various TO duration. It was also observed that α-Ti peaks broadened at low angles, which were known to be the peaks of distorted Ti, generated from the lattice expansion by oxygen dissolution. When the TO layers were received at 600 ∘ C, the intensity of the distorted Ti peaks gradually decreased and the anatase and rutile peaks revealed more dominant with higher intensities. However, the rutile peaks were found to be more prominent with increase in temperature. Rutile phase with high performance was expected to obtain in the TO layer. After relevant measurements, it was showed that TO of Ti-6Al-4V at 600 ∘ C for 36 h offered a defect free oxide scale with improved hardness and wear resistance.
Ashrafizadeh et al. [27] carried out TO treatments on Ti6Al4V alloy at 500, 600, 700 and 800 ∘ C for 1-h cycles in mu e furnace under air atmosphere. Corrosion evaluation indicated that short oxidation treatment brought out dense and crack free TO layer and could significantly improve the corrosion resistance of Ti6Al4V alloy. However high temperatures and long cycles decreased the corro-sion resistance. TO treatment at 600 ∘ C with short oxidation time and low cooling rate, were found to be the appropriate conditions for improving the corrosion behaviour of Ti-6Al-4V alloy.
With a purpose to improve the wear resistance of Ti6Al4V for biomedical application, Luo et al. [29] carried out thermal oxidation treatment at 700 ∘ C in a gas mixture of nitrogen with 40% oxygen by volume ratio for 2 h. A rutile TiO 2 film of approximate 5 µm with hardness of 21.11 GPa was formed on it. The TO treated Ti6Al4V showed low friction coefficient and excellent wear resistance against ZrO 2 ball under 25% bovine serum lubrication.
In Wang et al's work [28, 54, 55] , the influence of TO duration and temperature on microstructure and wear resistance of TO layers on Ti6Al4V were investigated. It was found that the formed oxide coating mainly included rutile TiO 2 as well as a little alumina. The weight gain with respect to the oxidation duration obeyed the linear oxidation kinetics law. The growth of oxide grains was in inadequate growth state of incomplete scale coverage from 2nd to 4th hour duration, in normal growth state from 4th to 6th hour duration while in excessive growth state of oxide particle agglomeration and surface roughening from 6th to 8th (or more than 8th) hour duration. And isothermal TO treatment at 700 ∘ C for 4 h was an optimal parameter that could realize a good synthetic effect. TO treatment had enhanced the micro-hardness of Ti6Al4V from 327 ± 23 HV to 742 ± 27 HV by obtaining a 10 µm thickness oxide coating mainly composed of rutile TiO 2 and alumina. TO layer decreased the average COF of original Ti6Al4V sample from 0.452 to 0.413 in dry sliding while from 0.228 to 0.197 in 25% bovine serum lubrication against ZrO 2 balls. Under dry sliding condition and in 25% bovine serum lubrication, the wear volumes of TO treated sample had decreased by 37.6% and by 70.7%, as compared with the original sample.
Du et al. [56] investigated the circulating air oxidation behaviors of Ti6Al4V alloys in the range 650-850 ∘ C. The results of continuous oxidation kinetics showed that the air oxidation of Ti6Al4V alloy followed a parabolic rate law at 650 and 700 ∘ C after a logarithmic transient period, whilst at 750 and 800 ∘ C, linear-parabolic kinetics were dominated. At 850 ∘ C, after 50 h linear-parabolic oxidation, the alloy followed a parabolic rate law. The number of Al 2 O 3 layer (occupying external gas/oxide interface) and TiO 2 layer (appearing at oxide/substrate interface) increased with exposure time and temperature.
In García-Alonso et al's [57] study, the influence of thermal oxidation treatments of Ti6Al4V at 500 ∘ C and 700 ∘ C for 1 h on in vitro corrosion behaviour and osteoblast response was estimated. The results revealed that TO treatments had slight impacts on the in vitro corrosion resis-tance in simulated human fluids and biocompatibility of Ti6Al4V. Meanwhile the TO layer obtained at 700 ∘ C indicated superior in vitro osteoblastic cell attachment to the TO layer that received at 500 ∘ C. To enhance the osseointegration of Ti6Al4V implants, Bodelón et al. [58] carried out TO treatment on Ti6Al4V implants at 700 ∘ C for 1 h. The results indicated that the oxidation treatment promoted the formation of an oxide scale altering the nanoroughness of surface and improved the early bone formation. Bone mineral density (BMD) and bone-to-implant contact (BIC) were both slightly increased by oxidation treatment after 30 days of implantation in healthy and osteoporotic rabbits in the implantation site.
Dong and Shi et al. [59, 60] found that TO treatment was an effective surface engineering technique for Ti6Al4V to improve the tribological performance of ultrahigh molecular weight polyethylene (UHMWPE). The surface oxide layer with high hardness was able to give rise to the high resistance against three-body abrasive wear, the surface oxide layer possessed good wettability was also favorable for water lubrication, meanwhile TO treatment induced surface oxide layer was mechanically supported by the diffusion zone beneath. All the mentioned factors above contributed to the unique favourable tribological compatibility of TO treated Ti6Al4V with UHMWPE.
Zhang et al. [61] fabricated several TO layers consisting of TiO 2 and minor Al 2 O 3 on Ti6Al4V alloy at temperature of 700±10 ∘ C for 10-40 h. It was seen that TO treatment had significantly increased the surface hardness (H) and elastic modulus (E) and reduced the E/H ratio of the Ti6Al4V, which revealed the treatment could enhance the wear resistance of Ti6Al4V. TO treatment after long time could definitely increase the thickness of the oxide layer with multiple layer characterization, however, it could also lead to a weak bonding or even detachment of TO layer with the substrate.
Yang et al. [62] conducted TO on Ti6Al4V alloy at 750 ∘ C for 8 h in vacuum. It was showed that TO treatment in vacuum could promote the diffusion of oxygen into the substrate, the surface presented a uniformly dimpled morphology, TiO and Ti 3 Al phases were found in the hardened layer. The microstructure of the TO layer obtained in vacuum was thicker, more uniform and compact than that of the normal TO layer. Meanwhile the hardness gradient of TO layer received in vacuum was smoother and indicated better wear resistance in comparison to the conventional TO layer.
By employ of TO treatment, Dong et al. [63] obtained TO-treated Ti6Al4V alloy under atmosphere containing about 80% oxygen and 20% nitrogen at 600 ∘ C for 65 h. The TO layer was composed of a thin rutile oxide layer (~2 µm) and an oxygen diffusion zone beneath (~20 µm). It was found that the significantly reduced tendency to adhesive wear and the improved wettability were realized on the surface of Ti6Al4V alloy after certain TO treatment, which increased the effectiveness of lubrication, had contributed to the enhanced wear resistance of the TO-treated sample.
Barranco et al. [64, 65] firstly blasted Ti6Al4V surfaces with Al 2 O 3 particles (coarse) or SiO 2 and ZrO 2 particles (fine), and then conducted TO treatment on the blasted surfaces at 700 ∘ C for 1 h. In terms of oxide scales, a pine needle-like morphology (anatase TiO 2 ) and globular morphology (rutile TiO 2 ) were formed on the finely and coarsely blasted samples, respectively. After TO treatment, two kinds of blasted Ti6Al4V presented improved corrosion resistance in Hank's solution as compared with the as-received blasted Ti6Al4V samples. The TO treated Al 2 O 3 blasted Ti6Al4V samples showed better corrosion resistance in comparison to the TO finely blasted samples. The formation of stable oxide scale had decreased the surface reactivity and led to a lower passive current and wider passivation region, reduced the susceptibility to pitting corrosion. Meanwhile, TO treatment which was carried out on a pre-blasted Ti6Al4V surface, was favorable for osseointegration and long-term interfacial bonding between the implant and bone.
Billi et al. [66] proceeded TO treatments on Ti6Al4V alloy disks at 500 ∘ C and 700 ∘ C for 1 h, respectively. Frettingcorrosion tests were conducted on TO treated Ti6Al4V disks against the cadaver bone pins in bovine serum medium. The results showed that the TO treated Ti6Al4V alloy disks demonstrated low electrochemical reactivity in bovine serum medium; specifically TO treatment at 700 ∘ C indicated that the rutile TO layer formed potentially improved the performance of Ti6Al4V in fretting-corrosion against bone.
Borgioli et al. [67] treated the Ti6Al4V alloy disks in air circulating furnace at 1173 K for 2 h at 10 5 Pa and then quenched using compressed air to remove the poorly bonded part of the TO layer. The modified Ti6Al4V alloy surface was covered with a~35 µm thick hardened layer and exhibited gradient hardness values, from~970 HK 0.025 to matrix values. The wear volumes of the TO treated samples were from~4 to 6 times lower than those of untreated Ti6Al4V samples, and the obtained TO layer even indicated better wear resistance than the plasma nitrided Ti6Al4V alloys.
Guleryuz et al. [68] [69] [70] used to investigate the diffusion kinetics of oxygen into the Ti6Al4V alloy substrates at 600-800 ∘ C for 0.5-72 h. TO treatments resulted in hard surface layers consisting of TiO 2 layer and oxygen diffusion zone (ODZ) beneath it. Oxidation rate followed parabolic kinetics between 600 and 700 ∘ C. Parabolic oxidation provided dense and adherent oxide layer on the substrate by maintaining an activation energy Q oxidation value of 276 kJ/mol. At 700 ∘ C parabolic oxidation was dominant up to 36 h of oxidation, and prolonged oxidation yielded linear oxidation kinetics. Diffusion of oxygen into the Ti6Al4V alloy substrate beyond the oxide layer obeyed parabolic kinetics between 600 and 800 ∘ C by giving an activation energy Q diffusion value of 202 kJ/mol. Nevertheless, growth of ODZ obeyed parabolic kinetics at temperature range between 600 and 800 ∘ C. As the Ti6Al4V was treated at 600 ∘ C for 60 h, its surface hardness was enhanced from 450 to 1300 HV 0.01 , and revealed a significantly improved wear resistance indicating by no measurable wear track on the surface as compared with the original Ti6Al4V after dry sliding against Al 2 O 3 balls. After TO treatment at 600 ∘ C for 60 h, the treated Ti6Al4V also exhibited excellent corrosion resistance in 5 M HCl solution. Meanwhile the resistance to corrosion-wear of TO-treated Ti6Al4V alloy was almost 24 times higher than that of raw Ti6Al4V alloy when the reciprocating wear tests were conducted in 0.9% NaCl solution using Al 2 O 3 counters.
Jamesh et al. [71] thermal oxidized the Ti6Al4V alloys in air at 650 ∘ C for 48 h and the corrosion behavours of the modified Ti6Al4V alloys in 0.1 and 4 M HCl and HNO 3 medium were studied. A uniform oxide scale (~7 µm) mainly composed of phase of the rutile and oxygendiffused titanium was formed throughout the surface. After certain TO treatment, the surface hardness of Ti6Al4V alloy was improved from 324±8 (the value of substrate) to 985±40 HV 0.25 . And the TO treated Ti6Al4V alloys also demonstrated better corrosion resistance in both HCl and HNO 3 solution than that of plain Ti6Al4V samples. The uniform surface coverage, compactness and thickness of the oxide layer had provided an effective barrier towards corrosion of the Ti6Al4V alloy as expected.
Kumar et al. [72] performed TO treatment on Ti6Al4V alloy at 500, 650 and 800 ∘ C for 8, 16, 24 and 48 h in air. It was seen that the surface morphology of TO treated Ti6Al4V alloy presented the formation of a thin adhered surface layer at 500 ∘ C that changed into a tiny grain structure at 650 ∘ C and a complete coverage of oxide islands with the grains oriented perpendicular to the substrate at 800 ∘ C. The growth mode involved the formation of a thin oxide scale followed by its agglomeration and growth to completely cover the Ti6Al4V alloy surface. However, spalling of the oxide layer was found as the TO of Ti6Al4V alloys were performed at 800 ∘ C for 16 and 24 h. When TO treatment was conducted at 650 ∘ C for 48 h, it was showed a increased hardness by a factor of about 3 in comparison to the untreated alloy (324±8 HV 0.2 ). The corrosion resis-tance of untreated and thermally oxidized Ti6Al4V alloys was found to be ranked as follows: untreated Ti6Al4V < TO at 500 ∘ C for 8 h < TO at 800 ∘ C for 8 h < TO at 500 ∘ C for 24 h = TO at 650 ∘ C for 8 h < TO at 500 ∘ C for 16 h < TO at 650 ∘ C for 48 h < TO at 650 ∘ C for 16 h < TO at 650 ∘ C for 24 h. This ranking order revealed that the corrosion protective ability of thermally oxidized Ti6Al4V alloys did not follow a linear relation either with treatment temperature or time.
Li et al. [73] measured the normal spectral emissivity of the TO treated Ti6Al4V alloy and explored the possible reasons for the oscillatory behavior in emissivity during the TO process. It was found that prior to oxidation, the emissivity showed an approximately linear increasing between 823 and 973 K. The emissivity increased gradually with the oxidation time as the sample was oxidized in air below 873 K and strong oscillations in emissivity were detected in transient oxidation period above 923 K. The measurement results of surface composition, roughness and the film thickness revealed that variation in surface roughness was one of the factors influencing the amplitude of oscillation, and that the interference effect of the oxide film growth was the primary reason for the oscillatory behavior. The oxide film thickness, the roughness and the rate of oxidation were able to be estimated by using the theory of radiative effects of films. Above 923 K, the growth process of oxide film followed the parabolic rule when the Ti6Al4V alloy was oxidized in air environment, and the oxidation rate was rapidly increased.
By conducting dynamic tests on thermally oxidized Ti6Al4V alloys using split Hopkinson pressure bar (SHPB), Niu et al. [74] found that the dynamic yield strength of Ti6Al4V alloys and the rate of strain hardening were enhanced after TO treatment. The increase in strain rate resulted in evident improved yield strength. The TO temperature had little effect on dynamic properties of Ti6Al4V alloy, but under different holding time for TO had greatly affected the initiation of plastic deformation and thus might potentially improve the ductility of the treated material. Thermal softening effect of the material resulted from higher testing temperature, also led to decrease in dynamic yield strength of Ti6Al4V alloys.
Poquillon et al. [75] carried out short TO treatments (stress relief thermal treatments) at 600-750 ∘ C on Ti6Al4V alloys. Secondary ion mass spectroscopy (SIMS) analyses for the oxidation kinetics and oxygen diffusion in the matrix showed that mass measurements during thermal treatments showed that oxidation kinetics was parabolic and SIMS with rotating specimen had reduced the roughness and enhanced the precision of oxygen profile in the obtained TO layers.
With the aim to fabricate bio-inspired antibacterial nanotopography surfaces, nanospikes with varying dimensions were produced on Ti6Al4V alloy surfaces by Sjöström et al. [76] using TO technology in tube furnace at 800 ∘ C for 45 min with various Argon flow rates through the acetone bubbler (50, 100, 200 and 300 sccm) . Then the received TO treated Ti6Al4V alloy were heated to 600 ∘ C at a rate of 10 ∘ /min to remove the carbon from the assynthesised nanospikes, which was able to grow vertically aligned nanospikes. The resultant oxide surface which showed nanospikes with approximately 20 nm diameters, was different from nanocolumn that obtained after common TO treatment. Microbiology studies using Escherichia coli. showed that the nanospikes on the Ti6Al4V alloy surfaces had potential to reduce bacterial viability. More dead bacteria were found on the nanospike surfaces compared to a smooth control. Finally a 40% reduction of viability was noted in bacterial suspensions incubated with a nanospike surface.
Tan et al. [77] fabricated titanium dioxide (TiO 2 ) nanowire surface structures on Ti6Al4V alloy by thermal oxidation process at 700 ∘ C for 8 h under Argon ambient and controlled flow rate. The nanowire surfaces exhibited better cell adhesion and spreading than the bare Ti6Al4V alloy, as well as presented higher cell proliferation. The TiO 2 nanowire surfaces significantly improved the osteointegration of Ti6Al4V alloy, higher production levels of alkaline phosphatase (ALP), extracellular mineralization (ECM) and genes expression of runt-related transcription factor (Runx2), bone sialoprotein (BSP), ostoepontin (OPN) and osteocalcin(OCN) compared to the control Ti6Al4V surfaces.
Wang et al. [78] performed TO treatment under flowing water vapor atmosphere at 700 ∘ C for 4 h to modify the surface properties of Ti6Al4V. A 7.5 µm thick hardened rutile TiO 2 coating with hardness value increasing from 327 HV to 742 HV were formed on Ti6Al4V alloy. The static contact angles for oxidized samples decreased with a reduction of 27.3% and 38.6% for distilled water and for 25% bovine serum, respectively. Under dry sliding condition, the coefficient of friction (COF) decreased 61.2% and wear volumes decreased 49% for TO treated Ti6Al4V in comparison to the bare samples. In respect of distilled water lubrication, the COF reduced 46.4% while wear volumes decreased 47% for TO-Ti6Al4V as compared with the raw Ti6Al4V. With respect to 25% bovine serum lubrication, the COF and wear volumes of TO treated samples had decreased 77.6% and 68% as compared with the untreated specimen. TO treated samples exhibited higher corrosion potential (Ecorr) and lower corrosion density (Icorr) values than those of the untreated Ti6Al4V in distilled water and 25% bovine serum, which indicated an improvement of corrosion resistance after TO treatment.
Yazdanian et al. [79] performed a thermal oxidation process on Ti6Al4V alloy at 873 K for 60 h to improve its tribological properties. TO treatment had increased the surface hardness of Ti6Al4V alloy to 1631±240 KH. The protective effects of TO layer on Ti6Al4V were different as the wearing tests were conducted in vacuum and air atmosphere. The function of the TO layer on Ti6Al4V tested in vacuum was to prevent surface plastic deformation induced wear. In air testing condition, the TO layer worked as a barrier to protect Ti6Al4V surfaces from sliding-induced oxidative wear.
Lin et al. [80] focused on improving the surface performance of Ti6Al4V alloy used as petroleum tubes for oil and gas exploitation applications. TO process was applied to fabricate a TO layer on the Ti6Al4V substrate at 700 ∘ C for 30 h. The results showed that the obtained TO layer was mainly composed of rutile phase TiO 2 and minor anatase phase TiO 2 . The continuous and compact TO layer reached a total thickness of about 20 µm. The TO layer also contained an external oxide-layer and an internal O-diffusion layer. The TO layer showed enhanced hardness and good bonding strength indicating by scratch and indentation tests. Compared to the Ti6Al4V alloy substrates, the TO layers revealed superior surface performance in the electrochemical corrosion, erosive-wear and corrosive-wear measurements.
Zhou et al. [81] conducted TO of Ti6Al4V alloy at 800 ∘ C for 1 h or 900 ∘ C for 15 min, and then vacuum diffusion at 850 ∘ C for 20 h was processed. It was seen that titanium oxide formed on the surface after TO treatment, then TiO 2 decomposed after vacuum diffusion. Meanwhile some Al 3 Ti was detected. The TO+vacuum diffusion treated Ti6Al4V alloys always revealed better wear resistance regardless of the given load or wearing temperature confirming by the lowest weight losses.
Zhang et al. [82] conducted systematical investigation on the effect of treatment condition on boost diffusion of TO treated Ti6Al4V alloys. Isothermal oxidation was carried out at 800-900 ∘ C for different durations (<80 min) under static ambient atmosphere and followed with furnace cooling. Then the TO treated samples were subject to boost diffusion treatment in a vacuum furnace (10 −6 to 10 −7 Torr) at 750-900 ∘ C for varied times (>60 min). It was found that dissociation of the oxide layer was induced by boost diffusion. After boost diffusion treatment, a quality hardened zone with thickness up to 300 µm on the surface of Ti6Al4V could be obtained by carefully controlled oxidation and boost diffusion processes. It could be concluded that in terms of effectiveness and the α-β transfor-mation temperature, 850-900 ∘ C was preferred in the boost diffusion treatment. At relatively high temperature, prolonged oxidation duration could produce more oxides on the Ti6Al4V surface, which was favorable to get harder and deeper strengthen zone that benefited from boost diffusion. Meanwhile, a critical vacuum which was responsible for the dissociation during boost diffusion process was proved to be no less than 10 −6 Torr.
Hou et al. [83] found that under different thermal oxidation conditions, the surface oxide layer on Ti6Al7Nb and Ti6Al4V alloys shows a certain growth rules and properties. Under the same conditions, the oxide layer formed on the surface of Ti6Al7Nb is thinner, the density is better, and the bonding force with the substrate is stronger than that of Ti6Al4V. When the temperature is less than or equal to 800 ∘ C, Ti6Al7Nb follows the parabolic oxidation kinetics, while the oxidation rate of Ti6Al4V at 700 ∘ C for more than 36 h is dominated by the linear oxidation kinetics. After oxidation for 1 h, the oxide scale on the surface of the two alloys was mainly composed of rutile TiO 2 . Among them, anatase TiO 2 appeared on the surface of Ti6Al4V alloy at 600 ∘ C, and Al 2 O 3 phase appeared at 900 ∘ C. When the two alloys were oxidized at 800 ∘ C for 24 h, Al 2 O 3 appeared in the oxide layer. With the increase of oxidation temperature and the prolongation of oxidation time, the oxide layers of the two alloys are composed of rutile TiO 2 and Al 2 O 3 two phases.
Thermal oxidation of other titanium alloys
By employ TO treatment, Aniołek et al. [84] modified Ti6Al7Nb alloys in the temperature range from 500-800 ∘ C, in various time periods between 20 min and 72 h. Determined on the basis of the weight gain, it was found that TO treatments of Ti6Al7Nb alloys at temperatures of 600, 700 and 800 ∘ C, followed the parabolic law, and the obtained oxidation activation energy value was 170 kJ/mol. TO at 700 and 800 ∘ C for 72 h led to the formation of a compact crystalline layer of rutile TiO 2 and a mixture of rutile and stable aluminium oxide α-Al 2 O 3 . An addition of niobium at the amount of 7 wt.% had impeded the diffusion of oxygen in Ti6Al7Nb alloy, and hence the TO process was delayed.
In addition, Feng et al. [85] formed a multi-layered scale on the Ti-Al-Si-N coating after oxidation at 800 ∘ C for 1000 h, which consists of the top porous surface layer of TiO 2 , followed by a dense layer rich in Al 2 O 3 , a mixture oxides dense layer mainly composed of TiO 2 , SiO 2 and some chromium oxide, and a bottom dense layer of chromium oxide was resulted from the selective oxidation of the substrate.
Wang et al. [86] discovered that Alloy C+, a modifying alloy C (Ti-35V-15Cr) by adding 0.6Si and 0.05C, shows typical equiaxed β grains with second phase precipitation and twin formation inside the β grains in the as-rolled condition. Ageing treatment after solution and thermal exposure for a long period of time (exposure at 550 ∘ C for 100 hours) resulted in an increasing α phase precipitation at the grain boundaries due to their tendency for preferential nucleation of second phases.
Furtherly, Aniołek et al. [87] discovered that TO layer obtained at 600 ∘ C for 72 h on Ti6Al7Nb alloy consist of rutile and anatase TiO 2 titanium oxides, and NbO niobium oxide. Based on nanoindentation tests, it was found that the TO layer indicated more than twofold higher hardness and higher modulus of elasticity in comparison to the original Ti6Al7Nb alloy. A significant enhancement in surface hardness and a reduction of Er/H ratio was considered to improve the resistance to abrasion wear of Ti6Al7Nb alloy. The scratch test results showed that the first damage of the TO layer was occurred at the load of 7.6 N and a total delamination was collected at the load of 65.9 N.
Cimenoglu et al. [88] fabricated TO layer Ti6Al7Nb alloy at 600 ∘ C for 60 h in air. The obtained TO layer was composed of a thin and relatively rough oxide layer with a thickness of 0.6 µm (TiO 2 , rutile) and 5 µm thick oxygen diffusion zone (ODZ) beneath the oxide layer. It was found that the TO layer with a relatively rough surface favored the deposition of hydroxyapatite (Ca and P-rich) precipitates in the simulated body fluid (SBF) solution, and for anchoring of osteoblastic rat cells during cell culture tests as compared with the relatively smooth untreated surface. On the other hand, the used TO process revealed more than ten times enhancement in wear resistance in the SBF solution.
Omidbakhsh et al. [89] performed TO treatment on Ti-4Al-2V alloy at 450, 600 and 650 ∘ C for 1-7 h in air atmosphere. Lattice parameters of the TO treated samples were calculated according to Cohen method for non-cubic systems. It was showed that lattice parameters of the asreceived alloy were calculated as a = 0.29289 nm and c = 0.46652 nm. Thermal oxidation results in a gradual increase in a-parameter at 450 ∘ C and maximum at higher temperatures (600 ∘ C and 700 ∘ C), however c-parameter generally increased in the entire TO conditions. These changes might be due to the dissolution of oxygen atoms in the octahedral sites of the titanium hcp lattice.
Ebrahimi et al. [90] carried out the TO process on Ti-4Al-2V alloy at 600 ∘ C and 750 ∘ C for 2 h. It was found that TO treatment also resulted in the formation of an external TiO 2 oxide layer and an internal oxygen diffusion zone (ODZ) on the surfaces of Ti-4Al-2V alloys. Prolonging TO time had given rise to the surface hardness values and hardening depth of TO treated samples. The results of rotary bending fatigue experiments indicated that TO process had significantly affected the fatigue crack initiation process, and fatigue limit of oxidized samples demonstrated a little increased at 600 ∘ C and then sharply decreased at 750 ∘ C.
Gutiérrez et al. [91] conducted TO treatment on Ti-7Nb-6Al, Ti-13Nb-13Zr and Ti-15Zr-4Nb alloys in air at 750 ∘ C for 24 h. In respect of Ti-13Nb-13Zr and Ti-15Zr-4Nb, their TO treated surfaces were mainly composed of TiO 2 , with smaller amounts of Zr and Nb oxides. While the treated Ti-7Nb-6Al showed a large increase of the Al concentration on the surface, and an absence of Nb. The surface topography of thermal oxidized Ti-7Nb-6Al alloy was more regular and possessed a higher potentiality in biomedical application than that of Ti-Nb-Zr alloys.
Based on the results above, López et al. [92] modified Ti-6Al-7Nb, Ti-13Nb-13Zr and Ti-15Zr-4Nb by TO treatment in air at 750 ∘ C for 6-48 h. The results revealed that the formed TO layers were tightly boned with the alloys. Under same oxidation time, Ti-6Al-7Nb alloy showed a thinner, more compact and dense TO layer than those of TiN-bZr alloys, and the obtained oxide scales on the surfaces of three alloys presented similar properties. Additionally, Ti-6Al-7Nb alloy oxidized at 750 ∘ C during 48 h exhibited the lowest corrosion rates and the best pitting corrosion resistance.
Liu et al. [93] firstly fabricated Ti-5Al-5Mo-5V-1Cr-1Fe (TC18) alloy by laser melting deposition (LMD), and then conducted TO treatment on the LMD-TC18 alloy at 650 ∘ C under a gas mixture of oxygen (80%) and nitrogen at a flow rate of 150 cc/min for 48 h. A layer consisting of crystalline rutile TiO 2 was produced on the LMD-TC18 alloy along with coarsening of α lath. The TO treated LMD-TC18 alloy alloy showed higher hardness and lower wear rate of the received LMD-TC18 alloy specimens. The promising sliding wear resistance of the TO treated LMD-TC18 alloy was ascribed to the existence of the lubricious rutile oxide layer and hardened oxygen diffusion zone (ODZ) on its surface.
Sado et al. [94] fabricated TiO 2 layers with anatase phase on CP-Ti Ti-25Mo and Ti-25Nb alloys by two-step TO process. The first-step treatment was conducted in an Ar-1%CO atmosphere at 1073 K for 3.6 ks, and the second-step treatment was conducted in air at 673-1073 K for 10.8 ks. It was found that the anatase phase was detected on the Ti-25Mo and Ti-25Nb alloys at higher second-step temperatures than on CP-Ti, which indicated that the incorporation of Mo and Nb into the TiO 2 layer was effective for the suppression of the anatase-to-rutile transformation at high temperatures. While the TiO 2 layers on the Ti-25Nb alloy exhibited excellent photocatalytic activity in the low anatase fraction region.
Ti-15Mo alloy has received considerable attention for biomedical applications thanks to its non-toxic nature, good mechanical properties and better corrosion resistance. Nithideth Somsanith et al. [95] conducted TO treatment on Ti-15Mo alloy at different temperatures for various periods (500, 650 and 800 ∘ C for 8, 16, 24 and 48 h). It was found that increasing the TO temperature from 500 to 650 ∘ C resulted in an increase in the growth rate and the oxide grain size of the oxide film, which made the oxide film relatively rougher than those prepared at 500 ∘ C. An increase in the oxide grain size was also observed as the TO treatment time was prolonged from 8 to 24 h when treated at 500 ∘ C, while an increased surface coverage and formation of many oxide nodules were observed at 650 ∘ C under similar conditions. TO treatment enhanced the average surface roughness (Ra) and microhardness, while decreased the water contact angle of the Ti-15Mo alloy. The phase contents of the oxide layer revealed a strong dependence on treatment conditions with a predominance of the rutile phase over the anatase phase at temperatures >650 ∘ C and for time periods >16 h. Ti-15Mo alloys that subjected to TO showed more positive corrosion potential and a lower passivation density as compared with the untreated alloy. TO treated Ti-15Mo alloys obtained at 650 ∘ C for 8-48 h showed better corrosion resistance than that treated at 800 ∘ C for 8 h in Ringer's solution.
TO-related duplex surface treatment of titanium and its alloys
Wen et al. [96] applied surface mechanical attrition treatment (SMAT) combined with thermal oxidation to improve the tribological and biomedical properties of CP-Ti. The SMAT was conducted using ZrO 2 balls with diameter of 8 mm at a vibration frequency of 50 [97] , a two-step treatment including surface rolling combined with thermal oxidation process was developed to improve the wear resistance of Ti6Al4V alloy. The rolling parameters were: a load of 700 N, a spindle speed of 105 revolutions per minute (rpm) and an axial feed of 0.05 mm/revolution. The influences of various TO temperatures (700, 750, 800 and 850 ∘ C) on the microstructure and mechanical properties of surfacemodified layers of the samples before and after multipass surface rolling were investigated. It was found that there was also a oxide zone and oxygen diffusion zone on the surface the duplex treated Ti6Al4V, the duplex treated sample showed more compact internal structure and better properties on the surface than that of the single TO treated sample. There were no obvious difference in surface roughness and microhardness of the duplex treated and TO treated Ti6Al4V. However, all the duplex treated Ti6Al4V alloys revealed significantly improved friction-reduction effect, wear and corrosion resistance as compared to the TO treated Ti6Al4V. Meanwhile the duplex treated samples showed better wear and corrosion resistance compared in comparison to the untreated samples as the TO temperature increased.
Sun et al. [98] produced dimple surface texture (ST) with a diameter (160±5 µm), a depth (40±5 µm), a dimples densities (30%) and an interval distance (260 µm) on Ti6Al4V by laser surface texture (LST), and a thermal oxidation process was carried out on the untextured and textured samples under 500 ∘ C, 650 ∘ C and 800 ∘ C for 5-50 h. The LST treated Ti6Al4V were well covered with uniform and continuous TO coatings. It was also found that ST could decrease the internal stress and effectively improve bonding strength of the oxide film to the Ti6Al4V substrate. Under dry friction conditions, the TO-LST Ti6Al4V revealed much lower wear rates compared to the original Ti6Al4V under the same applied loads against GCr15 steel and ZrO 2 balls. The TO-LST Ti6Al4V surface received at 650 ∘ C for 25 h suggested the most excellent tribological properties, which was attributed to good comprehensive properties: a strongly bonded rutile coating with high hardness (7.73 GPa), increased hardness to elastic modulus ratio (0.096) and improved load-bearing capacity. The TO-LST Ti6Al4V obtained at optimal parameters with promis-ing surface performance could withstand or weakened the wearing damages, on the other hand, the ST was able to capture the wear debris and then decreased the abrasive wear. The TO+LST duplex treatment had indicated a satisfactory complementation on improving tribological behavior of Ti6Al4V.
Zhang et al. [99] conducted TO of CP-Ti and Ti6Al4V alloy with gold pre-deposition at high temperatures. It was seen that pre-deposited gold could promote the formation of a thicker oxide layer and more absorption of oxygen as compared with conventional thermal oxidation. Further investigations revealed that the existence of the thin gold layer was favorable for the outward diffusion of titanium during TO treatment. Catalytic role of gold seemed to change the oxidation mechanism by promoting the outward diffusion of titanium ions. Additionally gold was able to accelerate the formation of oxide layer on CP-Ti and Ti6Al4V, however, the received oxide layers showed poor load-bearing capacity. Duplex treatment of gold predeposition + TO on CP-Ti and Ti6Al4V might be applied in some field where a special functional surface was required.
Vasylyev et al. [100] conducted ultrasonic impact treatment (UIT) on Ti6Al4V alloy in air at room temperature for 30-150 s, and realized an anomalously fast build-up of a relatively thick, dense and adherent amorphous oxide layer that composed of TiO 2 , Al 2 O 3 and V 2 O 3 with a small gradient of oxygen concentration across the layer. It was seen that the oxide layer thickness increased linearly with treatment time at a rate of~0.12 µm s −1 , obtaining a maximum value of 12.3±3.2 µm after UIT for 120 s. The mechanochemical oxidation of Ti6Al4V alloy was accompanied by the impact-induced incorporation of nitrogen and the formation of dispersed titanium nitride TiNx and oxynitride TiNxOyphases. In addition, the nitrogen atoms that penetrate deep into the alloy appear to form a nitrogen-rich or interstitial solid-solution-like α-Ti(N) phase. Meanwhile impact treatment in the air was also coupled with the accumulation of the hardened steel needle component (Fe, Cr) into the softer alloy, Fe 2 TiO 4 was detected in the oxide layer. After UIT for 120s, the surface hardness of treated Ti6Al4V was increased about 1.1 times in comparison to the original sample. Additionally, the increase in hardness was accompanied by an enhancement in the tribological properties of the treated Ti6Al4V. It was showed that the treated Ti6Al4V revealed about 1.33 times lower friction than that for the base alloy, and indicated an increase in wear resistance by about 42%.
Summary
Ti is the fourth most abundant structural metal in the world and is present in the earth's crust at a level of about 0.6 percent. Ti and its alloys have been rapidly developed since the pure metal first became commercially available about sixty years ago. Owing to their promising merits of high strength to weight ratio, high yield strength and toughness, good corrosion resistance as well as exceptional biocompatibility, Ti and titanium alloys have received an ever increasing interest in the fields ranging from civilian goods to military equipment. However, Ti and its alloys cannot meet all of the engineering requirements due to its demerits of low surface hardness values, high coefficient of friction and poor wear resistance, hence Ti and its alloy are seldom adopted as tribological-related engineering components. It has been well accepted that failure of material in engineering, e.g. wear or corrosion is mainly determined by the surface properties of the material rather than by bulk properties. Therefore the surface treatment is an attractive and suitable way to solve the aforementioned problems.
In order to improve the surface properties of titanium alloys, it is necessary to perform oxidation treatment at a suitable temperature. Studies have shown that thermal oxidation temperature and time have important effects on the thickness and density of the oxide layer. Usually the thickness of the oxide layer increases but the density decreases with the increasing temperature and time. When the temperature is low and the time is short, the thickness of the oxide layer is insufficient. If the temperature is too high, the oxide layer is not dense and the protection is poor. At the same time, it also affects the mechanical properties of the matrix. The time is too long and the effect of thickening the oxide layer is limited. The conventional oxidation research method needs to draw the oxidation kinetic curve by thermogravimetry, and the curve follows the parabolic, exponential, and cubic laws.
According to the literature, the wear resistance and corrosion resistance of Ti and its alloys had been remarkably enhanced to some extent after their surfaces were modified using thermal oxidation (TO). There is a high chemical affinity between Ti and oxygen, the obtained TO layer was formed by in-situ oxidation reaction under certain conditions. Promising and encouraging results showed that the improved surface performance of Ti and its alloys were due to surface hardness and surface composition had been changed. Meanwhile, the uniform and continuous TO layer had a strong bond with the substrate. The positive roles in wear and corrosion behaviors of the TO layer were attributed to its high hardness, promising bonding strength, good chemical stability and mechanical isolation action. The TO conditions of temperature, soaking time and cooling rate certainly had remarkable effect on the formation and performance of the TO layer. The TO layer produced by prolonged thermal oxidation at high temperatures (above 800 ∘ C) or rapid cooling rate (faster than furnace cooling rate) can usually lead to de-bonding between the TO layer and the substrate. On the other hand, a TO layer fabricated at low temperatures and for short duration is too thin to use for practical applications. Meanwhile other surface technologies, such as surface deposition, surface severe plastic deformation and surface texturing hold their respective advantages in practical applications, duplex treatment of TO treatment combining with other surface processing technologies are expected to achieve more significant improvement in surface performance than that of the contributions of each technology acting separately. In summary, thermal oxidation is a simple, effective and environmental friendly method to modify the surfaces of titanium and its alloys for better property and performance, and achieve surface damage mitigation during service.
